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Introduction
Wilderness areas are ecologically intact landscapes, predominantly free of disruption and degradation by largescale human disturbances (Lesslie et al. 1988; Mackey et al. 1998; Watson et al. 2016 ). They are not exclusive of people. Many support indigenous peoples and local communities who have long inhabited these lands, people who are often politically and economically marginalized and whose rights should be respected (Gorenflo et al. 2012; Schwartzman et al. 2013) . Instead, wilderness areas are free of large-scale land conversion, dense human settlements, industrial activity, and infrastructure development , activities that lead to significant biophysical disturbance of the natural environment (Mittermeier et al. 2003; Kormos et al. 2016) .
Free from the disruptive impacts of direct human pressures, wilderness areas support key evolutionary and ecological processes largely unimpeded (Klein et al. 2009; Watson et al. 2009; Martin & Watson 2016) . These processes generate a range of high-value ecosystem services, including regulation of hydrological cycles at multiple scales (Salati et al. 1979; Furniss et al. 2010 ) and significant organic carbon stocks (Mackey et al. 2013) . Wilderness areas are the only reference places on Earth where one can study how natural systems operate relatively free from the impacts of modern industrial society and, as such, are a baseline reference and source of propagules and populations for restoration and re-wilding efforts .
Wilderness areas are also critically important for in situ biodiversity conservation; they support the last intact megafaunal assemblages (Mittermeier et al. 2003; Ripple et al. 2015) , wide-ranging and migratory species (Klein et al. 2009; Bauer & Hoye 2014) , and species sensitive to exploitation or conflicts with humans (Ripple et al. 2014 ). As such species rapidly disappear from human dominated landscapes, wilderness areas are becoming their last remaining refuges (Gibson et al. 2011) . Similarly, human cultural and language diversity, which co-occurs with biodiversity, are also declining outside wilderness areas (Gorenflo et al. 2012) . The sustainable livelihoods and cultural integrity of many indigenous communities are often threatened by the same industrialized development pressures that threaten biodiversity (Boff 2002) .
Despite the well-documented environmental, ecological, and biocultural values of wilderness areas, they have not been regarded as a conservation priority (Myers et al. 2000; Brooks et al. 2006) , and there is still no explicit and systematic recognition of their importance in powerful multilateral environmental agreements such as the Convention on Biological Diversity or the World Heritage Convention. However, wilderness areas are increasingly under threat and have declined to a great extent since the mid-1990s; one-tenth (3.3 million km 2 ) of their global terrestrial area has been lost ). Human pressure is spreading into almost all remaining wilderness areas, reducing their extent, fragmenting them, causing loss of biodiversity, and undermining the resilience of human communities (Gorenflo et al. 2012; Laurance et al. 2015; Venter et al. 2016b; Watson et al. 2016; Potapov et al. 2017; Ibisch et al. 2017) . Efforts to protect wilderness areas have also failed to keep pace with the rate of wilderness loss . There is clearly an immediate need for international and national policies to recognize the importance of conserving wilderness areas by raising their profile, communicating their irreplaceability, and promoting their protection, especially in countries where national policies or legislation are weak or implemented inadequately.
There have been recent and timely calls for the World Heritage Convention to recognize the significance of wilderness conservation (Kormos et al. 2016 (UNESCO 2016b) . These places are deemed to have "outstanding universal value" (OUV), meaning they are so exceptional as to transcend national boundaries and are important for present and future generations of all humanity (UNESCO 2015) . The Convention's definition of OUV is based on 3 pillars: a site must meet 1 of the 10 criteria for listing; its values must have "integrity" and "intactness," and adequate long-term, official protection and management must be in place (UNESCO 2015) . The criteria for defining OUV of natural World Heritage Sites, of which there are 203, are aesthetic value and natural phenomena, geological value, valuable ecological and biological processes, and biodiversity value (UNESCO 2015) . There are also 35 mixed World Heritage Sites designated for meeting at least one of the naturalheritage criteria and one of the cultural heritage criteria (hereafter WHS refers to both natural and mixed sites).
World Heritage status cannot be granted purely because a place is a wilderness area, although high wilderness quality can be associated with all 4 of the current natural criteria and the requirements for integrity and intactness (UNESCO 2015) . The Tasmanian Wilderness in Australia is an example of a mixed WHS that meets all 4 natural criteria plus 3 cultural criteria and of a location where wilderness quality is a critical consideration. It has been argued that wilderness areas already make essential contributions to the OUV of many current WHS, and wilderness quality must be protected to ensure the integrity of these sites (Kormos et al. 2016) . Wilderness areas can therefore be used to guide the identification of potential new sites, and wilderness quality should be fully considered when sites are being assessed for OUV. Previous efforts to assess the World Heritage Convention's coverage of wilderness areas identified problems associated with the use of outdated maps of wilderness areas (Bertzky et al. 2013; Kormos et al. 2016) .
We created a new map of large terrestrial wilderness areas from updated maps of human pressure on the environment (Venter et al. 2016a (Venter et al. , 2016b . We used our map to assess the current coverage of wilderness areas by the World Heritage Convention and to identify potential gaps in coverage. We then identified large nationally designated protected areas with good wilderness coverage within coverage gaps that could be designated as new WHS if they meet the other conditions of integrity and OUV. The World Heritage List is expanding, presenting an important opportunity to take wilderness areas into account when assessing potential new WHS and to make a greater contribution to WHS ongoing conservation by adding an important layer of protection.
Methods
To map the global extent of remaining large wilderness areas, we used the methodological framework outlined in Sanderson et al. (2002) and the recently updated Human Footprint map of Venter et al. (2016a Venter et al. ( , 2016b ). The latter is a globally standardized map of cumulative human pressure on the terrestrial environment. At 1 km 2 , it is the finest resolution and most comprehensive cumulative threat map available (McGowan 2016) . It includes data on eight human pressures globally: built environments, crop lands, pasture lands, population density, night lights, railways, major roadways, and navigable waterways. We standardized these eight individual human pressures on a 0-10 scale based on their estimated contribution to human influence on the natural environment following Sanderson et al. (2002) (Supporting Information). The standardized scores were then summed and yielded a total cumulative pressure score out of 50 for each pixel (some pressures are mutually exclusive, whereas others can co-occur).
The Human Footprint relies on data sets that are globally comparable, but in some areas may not include the full extent of infrastructure that national or subnational data sets contain. It therefore sometimes maps pressures as absent where they are actually present, underestimating human pressure in those parts of the world. The Human Footprint also does not reflect all the pressures that could potentially affect wilderness quality of an area. For example, threats such as poaching, logging, invasive
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To identify a set of wilderness areas that are of global significance, we first created a layer of 62 biorealms as a biogeographic framework for our analysis, based on the widely used Terrestrial Ecoregions of the World (Olson et al. 2001) . The biorealms represent all existing combinations of the world's 14 vegetated biomes and seven biogeographic realms (e.g., boreal forests exist in both the Palearctic and Nearctic realms), following the established practice of excluding Antarctica and other rock and ice areas (Juffe-Bignoli et al. 2014; Venter et al. 2014) . We then identified the 10% area within each biorealm with the lowest Human Footprint score, following the same methods as Sanderson et al. (2002) . From this, we selected all contiguous areas >10,000 km 2 . In cases where a biorealm did not contain at least 10 contiguous patches >10,000 km 2 , we consecutively selected the next largest patch until we had 10 patches per biorealm or, failing this, all patches in a biorealm. These were used to generate our updated map of terrestrial wilderness areas
We obtained data on protected areas and natural and mixed World Heritage Site locations and boundaries from the 2016 World Database on Protected Areas (IUCN & UNEP-WCMC 2016). We followed previous assessments (Jenkins & Joppa 2009; Butchart et al. 2015) and included only protected areas with a national designation. We excluded protected areas with only central coordinates rather than a polygonal representation in the WDPA database. We calculated the current coverage of terrestrial wilderness within the 208 natural and mixed World Heritage Sites that had some terrestrial area and were designated at the time of this study (May 2016) . We also calculated the percentage of wilderness area protected in WHS within each biorealm and biome. Finally, we calculated the extent of wilderness-area coverage within all protected areas >500 km 2 (hereafter large protected areas) to identify possible candidate WHS with a high level of wilderness-area coverage within the previously identified gaps. Although there is no definitive scientific basis to this specific threshold and it is well documented that small areas can retain some wilderness quality and ecologically important functions and values, it is also apparent that biological diversity and ecosystem resilience scales with geographic extent (Thompson et al. 2009 ) and that areas above this threshold maintain many large-scale ecological processes, including viable populations of space-demanding fauna (Soule et al. 2004) . The Convention's Operational Guidelines emphasize the importance that WHS be of adequate size to ensure the representation and long-term conservation of the features and processes that are of OUV (UNESCO 2015) .
Results
Wilderness areas extended across almost one-quarter of the world's terrestrial area (22.7%), including all 14 biomes and 62 biorealms (Fig 1 & Supporting Information). Wilderness quality was not evenly distributed; the largest extents occurred in the boreal and taiga forests (9,349,732 km 2 , 62% of biome extent), tundra (6,623,675 km 2 , 80%), and desert and xeric shrublands (6,470,715 km 2 , 23%). Mangroves and tropical and subtropical coniferous forests had the smallest estimated wilderness extents (22,661 km 2 , 7% and 57,341 km 2 , 8%, respectively) ( Table 1) .
Out of 208 WHS we considered, one-quarter (25% n = 52) contained wilderness areas as defined above (Supporting Information). Twelve WHS (6%) had a high level of coverage (>90% of WHS within defined wilderness areas), including the Putorana Plateau in Russia, Nahanni National Park in Canada, Central Suriname Nature Reserve, and Purnululu National Park in Australia, whereas 25 WHS (12%) had good wilderness coverage (>50% wilderness). The Okavango Delta in Botswana alone accounted for 80% (11,914 km 2 ) of the flooded grasslands and savannas wilderness protected within WHS globally. Of the 25 WHS with >50% wilderness, 12 sites covered over 10,000 km 2 of wilderness each, another 12 sites had 1,000 to 10,000 km 2 of wilderness, and only the 526-km 2 Gunung Mulu National Park in Malaysia had <500 km 2 wilderness (90% of the site area). World Heritage Sites protected 545,307 km 2 of the identified wilderness areas (i.e., 1.8% of the world's total terrestrial wilderness area). This protection occurred across all 14 biomes. The greatest wilderness-area coverage occurred in flooded grasslands and savannas (14.7% of wilderness area in this biome, 3 sites), mangroves (11%, 2 sites), and tropical and subtropical dry broadleaf forests (9%, 11 Sites) (Table 1) . However, gaps were evident; <1% of wilderness was protected in tropical and subtropical coniferous forests and temperate grasslands, savannas, and shrublands (1 and 3 sites, respectively), and <2% of wilderness was protected in seven biomes. Large gaps were evident across biorealms; wilderness in 35% (n = 22) of realms was not protected in WHS (Table 2 & Fig 1) .
We identified 1,397 large nationally designated protected areas globally that contained wilderness (Fig 2) . In 840 of these, wilderness areas made up >50% of the site. These areas were spread across all biomes, occurred in 18 of the 22 biorealms identified as gaps in coverage (Supporting Information), and can be considered a preliminary set of potential candidate sites for further World Heritage assessment (Fig 3) (Conradin et al. 2014) . World Heritage Sites are also subject to strict additional monitoring by UNESCO and the advisory bodies, which cooperate with States Parties to help ensure WHS are well conserved. The IUCN also carries out assessments of the conservation outlook for each WHS, which provides important information and impetus for more effective management and conservation of these sites (Osipova et al. 2014; UNESCO 2015) . As a result, allocating these sites World Heritage status is regarded as providing an extra layer of protection. World Heritage status is the only conservation designation for which several major players of the extractive industry have accepted no-go commitments (ICCM 2014; WWF-UK 2015), further demonstrating its importance and high regard.
Designation as a World Heritage Site is a process-driven exclusively by State Parties; countries have to nominate potential sites for consideration by the World Heritage Committee. These places are then subject to a lengthy evaluation process that takes years. This includes sitelevel expert assessments to confirm whether they meet the strict requirements for OUV (UNESCO 2015), namely one or more of the World Heritage criteria, conditions of integrity, and requirements of management and protection. States Parties can therefore use the information provided in our study to inform future nominations in cases where wilderness contributes to the OUV of a potential WHS. The Convention's Global Strategy calls on States Parties to develop a balanced, representative, and credible list of the world's Natural Heritage (UNESCO 2011). Considering that many wilderness areas are an irreplaceable and dwindling natural entity , increasing representation of wilderness areas with OUV within WHS aligns well with the aims of the Convention (Kormos et al. 2016) . Furthermore, many processes and species (criteria ix and x) can only be conserved in large, ecologically functional wilderness areas (Ripple et al. 2015) , making their protection essential to realizing the convention's global strategy. Some of the protected areas we identified as having wilderness-area coverage are already on States Parties tentative lists of potential future nominations, a prerequisite for new nominations. States Parties could consider prioritizing these places and strengthening proposals with this additional information on wilderness-area coverage. For example, the Bale Mountains National Park in Ethiopia is tentatively listed to protect wilderness in Afrotropic montane grasslands and savannas (1326 km 2 ). This biorealm is currently a gap in coverage, so designation of the Bale Mountains National Park as a WHS is a potential opportunity to improve representation and protection of wilderness areas within the framework of the Convention. Although not falling into any biorealm gaps, the Hukaung Valley Tiger Reserve in Myanmar is another tentatively listed site that covers large areas of wilderness. We also recommend a revised nomination of Pimachiowin Aki in boreal Canada, which based on our results includes several large protected areas with substantial wilderness areas (i.e., Atikaki Provincial Park, Woodland Caribou Provincial Park and Traditional Land Use Planning Areas of Anishinaabeg First Nations), be discussed by the World Heritage Committee in 2018.
Although potential new WHS are being evaluated and considered by the World Heritage Committee, States Parties could further strengthen their current management practices and protection in those WHS containing wilderness areas. This is particularly important given that the ecological condition of many WHS is declining worldwide as human pressures expand both within their borders and the surrounding landscapes (Osipova et al. 2014; Wang et al. 2014; Allan et al. 2017) , threatening to isolate them and degrade their wilderness quality and ultimately their OUV. Increasing the application and enforcement of the Convention's Operational Guidelines (UNESCO 2015), which do not permit agricultural expansion, extractive industry, or other similar activities to occur within WHS boundaries, is an essential first step to improve their conservation.
Where WHS depend on wilderness quality for their OUV, for example to support wide-ranging or migratory species (Chester et al. 2012; Ripple et al. 2014 ), maintaining connectivity is key (Kormos et al. 2016 ). This can be achieved efficiently by using existing tools within the World Heritage Convention such as buffering or expanding WHS boundaries (Kormos et al. 2016 ). If expanding a site's boundaries does not affect its OUV and enhances the site, they are regarded as minor modifications and are subject to an accelerated review process, which is much faster than designating a new WHS (UNESCO 2015) . Adding or expanding a buffer zone is treated as a minor modification and can also be accomplished relatively quickly. World Heritage Sites are expected to have official buffer zones that are managed to support the functioning and protection of the WHS itself (UNESCO 2015) . Where migratory species rely on multiple nonadjacent WHS, the creation of agreements between the sites can ensure management and protection efforts are coordinated. This is a tool which has been applied only once but could be leveraged to help protect wilderness values (Kormos et al. 2016 ).
We did not identify some WHS that are well known for their wilderness quality such as the Selous Game Reserve in Tanzania and Yellowstone National Park in the United States. This is almost certainly due to how we defined wilderness areas, which suggests our computerbased analysis is best used in conjunction with site-based assessments and that further research is needed into the significance of different thresholds in wilderness quality. Quantitatively measuring wilderness allows for flexibility in the thresholds used to map wilderness areas (Mackey et al. 1998) . Although these thresholds are arbitrary, the thresholds we used are likely to capture large-scale ecological processes, have been used by others to identify wilderness areas (Mittermeier et al. 2003; Watson et al. 2009; Kormos et al. 2016) , and are consistent with the parameter values used for identifying intact ecological communities in the IUCN Standard for Key Biodiversity Areas (IUCN 2016) .
The definition of wilderness quality we used was less strict than Watson et al. (2016) , who defined it as any area completely free of human pressure (i.e., Human Footprint score = 0). Our definition was more useful for the regional-scale analysis that was the focus of this study and that allowed the areas with the relatively highest wilderness quality to be identified within each biorealm. Despite this attempt to apply a more appropriate grain to the analysis, the Selous Game Reserve fell outside the 10% threshold for the Afrotropic tropical and subtropical grasslands and savannas biorealm and Yellowstone National Park has roads fragmenting its contiguous area, and thus did not meet the 10,000-km 2 area threshold, and was not one of the 10 largest contiguous areas for the Nearctic temperate coniferous forest biorealm. Both of these WHS still maintain most of their large mammals, wide-ranging species, and are relatively free of human pressure (UNESCO 2016a (UNESCO , 2016c , making their exclusion an artifact of our study design and not necessarily a reflection on their wilderness quality.
The World Heritage Convention could better achieve its objectives by formally recognizing the contribution
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Volume 32, No. 1, 2018 and significance of wilderness quality to the OUV of many WHS. This could, for example, be done by amending the Convention's Operational Guidelines to include the word wilderness in the Natural World Heritage criteria or conditions of integrity and management and protection. Although it may be a difficult and lengthy process for the World Heritage Committee to agree on this, such evolution of the guidelines in light of evolving conservation thinking has occurred in the past (Bertzky et al. 2013; UNESCO 2015) . Because wilderness quality contributes to the OUV of one-quarter of currently designated WHS, the argument for including wilderness in the criteria for OUV is compelling and warrants discussion. Official acknowledgement of this kind would in turn raise the profile of wilderness conservation more widely in other multilateral environmental agreements and promote recognition of the importance of wilderness protection in international policies . At the very least tentatively listed sites, new World Heritage nominations, and current monitoring of WHS could account for the significance of wilderness areas and wilderness quality to OUV.
World Heritage protection of wilderness areas will also generate cobenefits that extend beyond natural heritage conservation. For example, averting the destruction of carbon rich ecosystems such as the last intact forests could prevent the release of substantial CO 2 emissions and play a key role in the fight against climate change (Lovejoy 2016) . Moreover, it is well accepted that proactively conserving intact ecosystems is the most important adaptation for biodiversity and humankind (Watson et al. 2013; Martin & Watson 2016; Scheffers et al. 2016) . World Heritage status can also bring multiple opportunities for sustainable development (Conradin 2014) . World Heritage protection of wilderness could therefore contribute to achieving both the environmental and economic objectives such as the United Nations Sustainable Development Goals (United Nations General Assembly 2015). Such a broad base of cobenefits could also serve as a basis for States Parties to start leveraging funding for the conservation of wilderness areas from international donors and programs such as the Global Environment Facility or the Critical Ecosystems Partnership Fund. We therefore conclude that the World Heritage Convention could better achieve its objectives and make a substantial contribution to the conservation of wilderness areas through at least four avenues: formal acknowledgment of the contribution of wilderness areas to OUV, which would raise the profile of wilderness conservation worldwide; strengthen current protection of wilderness within WHS; expand or reconfigure current WHS; and designat new WHS, which adds an important layer of protection and recognition to large wilderness areas with OUV.
